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(57) ABSTRACT

A color image enhancement method, for enhancing the color
of a color image comprising a plurality of pixels. The method
comprises: mapping a color saturation value of each pixel to
a normalized saturation value, wherein the range of values of
normalized saturation 1s the same independent of the lumi-
nance value of the pixel; estimating a probability distribution
of the normalized saturation values; defining a transfer func-
tion for modifying the normalized saturation values, based on
the estimated probability distribution; and applying the trans-
fer function to the normalized saturation values to generate
modified values.
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1
COLOUR IMAGE ENHANCEMENT

This application claims the prionity under 35 U.S.C. §119
of European patent application no. 091753135.2, filed on Nov.

6, 2009, the contents of which are incorporated by reference
herein.

FIELD OF THE INVENTION

This mvention relates to colour enhancement of colour
images. It 1s particularly relevant to colour enhancement for
wide gamut displays.

Here, an 1mage may refer to a still image or a frame of a
video sequence. In both cases, colour enhancement can be an
important aspect of picture quality improvement.

It 1s known to use histogram manipulation for grey-scale
image enhancement. In particular, techniques such as histo-
gram equalisation have been eil

ectively and widely used for
grey-scale contrast enhancement. In Weeks et al. (Arthur R.
Weeks, G. Eric Hague, and Harley R. Myler, “Hlstogram
equahzatlon of 24-bit color 1images in the color difference
color space”, Journal of Electronic Imaging 4(1), 15-22,
January 1993), it has been proposed to extend the i1dea of
luminance histogram equalisation and apply it to colour pro-
cessing. According to that method, histogram equalisation 1s
applied to the saturation component 1n the colour difference
(C-Y) colour space. This 1s followed by an independent

equalisation of the luminance component.

SUMMARY OF THE INVENTION

According to an aspect of the present invention, there 1s
provided a colour image enhancement method, for enhancing,
the colour of a colour 1mage compnsmg a plurality of pixels,
the method comprising: mapping a colour saturation value of
cach pixel to a normalised saturation value, wherein the range
of values of normalised saturation 1s the same independent of
the luminance value of the pixel; estimating a probability
distribution of the normalised saturation values; defining a
transfer function for moditying the normalised saturation
values, based on the estimated probability distribution; and
applying the transfer function to the normalised saturation
values to generate modified values.

The method normalises the values of colour saturation, so
that the range of values 1s the same 1rrespective of the lumi-
nance (brightness) of the mput pixel. In this way, the norma-
lised saturation values of pixels of different luminance
become comparable. This 1s beneficial for colour enhance-
ment, because the colour properties of pixels of different
luminance can be analysed and modified together. The analy-
s1s comprises estimating the probability distribution of pixels
in the normalised saturation space and modifying the satura-
tion values to adjust the colour contrast. This means that the
enhancement adapts to the statistical content of the input
image. The probability estimate may comprise a histogram.
The modification 1s performed using a transfer function
within the normalised space. This transier function will typi-
cally be a monotonic non-decreasing function, mapping nor-
malised saturation values to modified normalised saturation
values. After modification 1n the normalised space, the nor-
malisation may be mverted, to return output pixel saturation
values. However, 1t 1s also possible to apply the enhancement
in the original colour space using other approaches.

Whereas the method of Weeks et al. required separate
histograms to be calculated for each of a set of different
luminance regions, the present invention enables all lumi-
nance levels to be considered simultaneously. Thus, 1t 15 no
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longer necessary to compute individual histograms for sepa-
rate slices of luminance. Similarly, 1t becomes possible to
define a single, consistent modification for pixels of all lumi-
nance values, rather than having to enhance individual ITumi-
nance slices separately. This can allow the present method to
be both simpler and more effective.

The mapping from colour saturation values to normalised
saturation values may be such that the range of values of
normalised saturation 1s the same independent of the hue
value of each pixel.

The normalisation may take into account the hue of the
input pixel in addition to its luminance. This acknowledges
that the range of values of saturation varies not only with
luminance but also with hue. This allows greater flexibility 1n
the method and ensures that saturation values of all hues can
be enhanced to the greatest extent possible.

The mapping from colour saturation to normalised satura-
tion preferably comprises representing the colour saturation
value of each pixel relative to a maximum saturation value
dependent on the luminance and/or hue of that pixel.

For example, the normalisation can be achieved by map-
ping the mput saturation values to a saturation ratio.

The step of estimating the probability distribution of the
normalised saturation values may comprise estimating the
distribution of normalised saturation values for each of a
plurality of hue intervals.

This allows the method to adapt independently to the satu-
ration characteristics of different hues and to enhance the
colour accordingly. Diflerent transier functions can then be
defined for each of the intervals. For example, the pixels in the
input image having a red hue might benefit from enhancement
of one type and degree; while the pixels of blue hues might be
distributed differently, so that they would benefit from a dii-
ferent type of enhancement and to a greater or lesser degree
than the red pixels.

The colour enhancement transfer function can be defined
so as to modily the distribution of the normalised saturation
values to better match a target distribution.

I1 the distribution 1s modelled using a histogram, then this
method can advantageously be implemented as a generalised
histogram modification algorithm operating on the saturation
histogram (or histograms).

The target distribution may be one of: a uniform distribu-
tion; and a distribution derived from or dependent on the
estimated distribution—{or example a smoothed version of
the estimated distribution.

I1 the probability distribution estimate 1s a histogram, then
targeting a uniform distribution would correspond to histo-
gram equalisation. On the other hand, targeting a smoothed
distribution 1s one advantageous form of histogram modifi-

cation (also known as histogram specification).

The maximum slope of the transfer function may be lim-
ited by a threshold.

It may be advantageous to limit the gain of the transfer
function. This helps to avoid sharp transitions in saturation,
which could lead to visible artefacts 1n the enhanced output
image.

Optionally, the threshold varies dependent on the norma-
lised saturation value.

Although a single, fixed threshold can be applied, it may be
preferable to use a threshold function that 1s 1tself dependent
on the (normalised) saturation value. In this way, the sharp-
ness of the saturation transitions caused by transfer function
can be controlled according to the level of saturation. In
particular, 1t may be beneficial to apply a lower threshold at
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lower levels of saturation. This can help to avoid over
enhancement of pixels which had relatively low levels of
saturation to begin with.

The method may further comprise, before the step of
applying the transfer function to the normalised saturation °
values, smoothing the transfer function.

For example, an averaging filter, such as a Gaussian kernel
approximation can be applied. In the case that probability
distributions have been estimated for the (normalised) satu-
ration in each of a plurality of hue intervals, this smoothing
preferably includes smoothing across corresponding bins of
the same normalised saturation and different hues. That 1s, 1f
the distribution i1s considered as a joint, two-dimensional
distribution of normalised saturation and hue, the smoothing
1s performed at least 1n the hue dimension.

The method can further comprise applying a second, fixed
transfer function to the normalised saturation values, or to the
colour saturation values.

This can be used to combine the adaptive colour enhance- ¢
ment with another, fixed colour transformation. The fixed
transfer function may comprise, for example, a mapping
between different colour gamuts or colour spaces, or may
represent a fixed colour-contrast enhancement function.

Also provided 1s, a colour-gamut extension method com- 25
prising the colour image enhancement method.

The colour image enhancement methods described are par-
ticularly suitable for converting 1mage signals that have been
defined according to a standard colour gamut (such as ITU-R
Recommendation BT.709 or BT.601) for use with wide 30
gamut displays. Such displays are able to display colours
outside the standard defined gamuts, 1n order to give a richer
picture. Unless bespoke, wide-gamut content 1s provided
which matches the display capabilities, it 1s necessary to
enhance the colour of input images 1n order to exploit the full 35
potential of these displays. Otherwise, the image would only
be displayed with the standard gamut—which 1s a subset of
the wider gamut of the display. In the past, this gamut con-
version process has usually used fixed mapping or warping,
between the standard and wide gamut, which expands the 40
colour content of all images 1dentically. However, the present
methods can be used to adaptively expand the range of
colours of an 1nput image, based on 1ts individual colour
content. This can enable the capabilities of the wide gamut
display to be better exploited and allow the colour of the input 45
image to be enhanced to a greater extent than was possible
with fixed mappings.

The mvention also provides a computer program compris-
ing computer program code means adapted to perform all the
steps of the method when said program 1s run on a computer; 50
and such a computer program embodied on a computer read-
able medium.

Also provided 1s colour 1image processing apparatus, for
enhancing the colour of a colour image comprising a plurality
ol pixels, the apparatus comprising: a first colour space con- 55
version unit, adapted to map a colour saturation value of each
pixel to a normalised saturation value, wherein the range of
values ol normalised saturation 1s the same independent of the
luminance value of a pixel; a saturation modification unit,
adapted to estimate a probability distribution of the norma- 60
lised saturation values; define a transfer function for modity-
ing the normalised saturation values, based on the estimated
probability distribution; and apply the transier function to the
normalised saturation values; and a second colour space con-
version unit, adapted to mversely map the normalised satura- 65
tion value of each pixel to generate an output colour satura-
tion value.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

The 1nvention will now be described by way of example
with reference to the accompanying drawings, in which:

FIG. 1 1s a flowchart of a colour image enhancement
method according to an embodiment;

FIG. 2 1s an example of a histogram showing the distribu-
tion of normalised saturation values:

FIG. 3 shows a transfer function derived from the histo-
gram of FIG. 2;

FIG. 4 shows a transfer function belfore and after the local
gain has been limited;

FIG. 5 shows how local gain can be limited by clipping;

FIG. 6 compares the effects of scaling and redistribution on
the clipped gain function of FIG. 5;

FIG. 7 shows the transier functions corresponding to the
scaled and redistributed gain functions of FIG. 6;

FIG. 8 shows an exemplary threshold function for limiting
the local gain;

FIG. 9 15 a block diagram of a hardware implementation
according to an embodiment of the mnvention;

FIG. 10 shows a block diagram of an implementation
according to another embodiment; and

FIG. 11 shows a block diagram of yet another embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 illustrates the sequence of steps 1n a method accord-
ing to an embodiment of the mvention. In step 10, the satu-
ration value of each input colour pixel 1s converted to a
normalised saturation value. This conversion comprises map-
ping the colour saturation value to a normalised saturation
value, such that the range of the normalised saturation values
1s the same independent of the luminance value of the pixel.

As will be well known to those skilled in the art, the range
of values that can be taken by the saturation component of a
colour pixel 1s dependent on the brightness (luminance) of
that pixel. In particular, colours very close to the extremes of
luminance (black and white, respectively) cannot have large
saturation values. This can be understood by considering the
relationship between the Red, Green and Blue (R, G, B)
primaries that are used to display a colour image and the
saturation component of colour. Treating R, G, and B as
orthogonal axes leads to a representation of the space of
possible colours as a cube. Luminance 1s usually defined
along a diagonal direction through the RGB colour cube—
though not necessarily the main diagonal, (0,0, 0) to (1, 1, 1).
The chosen diagonal 1s the grey axis, along which colours are
unsaturated. “Colouriul” pixels deviate from this axis: the
amount of deviation corresponds to saturation; and the angle
about the grey axis defines the hue. Different definitions of
luminance, saturation and hue have been used. Here, by way
of example, we will define saturation as:

SAC2HC2

where Cb and Cr are the chroma signals defined according to
the Rec.709 YCbCr standard.

Since the saturation 1s the radial distance from the grey axis
to a given colour within the colour cube, pixels with interme-
diate values of luminance (Y) can have a large range of
saturation values. However, for pixels close to the ends of the
diagonal, in the black corner and the white corner of the
colour cube, the variation transverse to the axis 1s more lim-
ited and so the saturation takes on a small range of values.

This presents a difficulty 1n analysing and enhancing satu-
ration, because the values cannot be compared directly, due to
their different ranges. Weeks et al. avoided this difficulty by
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constructing separate histograms of saturation for different
intervals of the luminance axis. However, this 1s undesirable
for several reasons. Firstly, more computational effort 1s con-
sumed, because each histogram must be processed separately.
Secondly, the number of pixels falling 1nto each slice (inter-
val) along the luminance dimension 1s much reduced com-

pared with the total number of pixels 1n the image. This leads
either to unreliable estimation of the distribution or, con-
versely, to the need for wider intervals when constructing the
saturation histograms. Thirdly, by processing the different
slices of luminance separately, there 1s a risk of introducing
visible artefacts, because different modifications are applied
on either side of the arbitrary boundaries between intervals. In
addition, with the method of Weeks et al., although saturation
1s enhanced carefully for each slice, using a suitable dynamic
range, there 1s a subsequent and independent luminance
equalisation step. This takes no account of the saturation
values, and pixel values can be shifted out of the colour cube,
to RGB values that are not realisable. That 1s, their colours can
be pushed out of the gamut.

The normalised saturation of the present invention
addresses these problems, because it makes 1t possible to
consistently compare the saturation levels of pixels having
different luminance.

Preferably, the mapping from saturation values to norma-
lised saturation values 1s such that the range of values of
normalised saturation 1s also mndependent of the hue value of
cach pixel.

In the present embodiment, this 1s achieved by representing,
the colour saturation value of each pixel relative to a maxi-
mum saturation value, S_ . dependent on the luminance, Y,
and hue, H, of that pixel:

o S
" Swa(H, Y)Y

S 1s the maximum possible saturation for each particu-
lar combination of hue and luminance and 1s therefore defined
by the boundaries of the gamut. However, alternative defini-
tions could be used 1n other embodiments—ior example,
based on the range of saturations observed or likely to be
observed 1n a given 1mage, or ensemble of 1images.

The method continues by estimating 20 a probability dis-
tribution of the normalised saturation values. In the present
embodiment, this comprises estimating the distribution of
normalised saturation values for each of a plurality of hue
intervals. A histogram can be used for the probability distri-
bution estimate. In particular, 1n the present embodiment, a
two-dimensional (2D) histogram 1s calculated, which con-
s1sts of a one-dimensional (1D) histogram of normalised satu-
ration values for each hue interval. An example of such a 1D
histogram 1s shown 1n FIG. 2. In this graph, the bins on the
x-axi1s are intervals of normalised saturation. The y-axis 1s the
histogram value: the proportion of pixels falling into each bin.

To enhance the colour, a transfer function for modifying
the normalised saturation values 1s defined 30, based on the
estimated probability distribution. In this embodiment, a pro-
cess of histogram modification 1s applied to each of the 13
normalised saturation histograms. Histogram modification
(also known as histogram specification) 1s a generalisation of
the well-known technique of histogram equalisation. Details
can be found, for example, in Sun et al. (Chi-Chia Sun,
Shang-Jang Ruan, Mon-Chau Shie, and Tun-Wen Pai,
“Dynamic contrast enhancement based on histogram speci-

1Y 1

fication”, IEEE transactions on consumer electronics, 51(4),
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1300-1305, November 2005). Briefly, histogram equalisation
uses the cumulative distribution function of the mput distri-
bution to define a transfer function. Applying this transier
function to the pixels values tends to flatten the distribution
(equalising 1t, or making it more uniform). In histogram
specification, the goal 1s to make the mnput distribution more
like a target distribution. This target may have any desired
shape. The method proceeds by calculating the cumulative
distribution function of the target distribution. This represents
the transier function that would reshape the target distribution
into a flat (equalised) distribution. The inverse of this transfer
function will therefore reshape a flat distribution into the

target. Thus, by applying the inverse of the target cumulative

distribution function to the source cumulative distribution
function, a combined transier function can be defined which
maps the source distribution to the target distribution.

In general, histogram specification works better when the
target distribution 1s chosen 1 dependence on the source
distribution. This reflects the fact that there 1s no single,
generic target distribution that i1s suitable for enhancing
images of all kinds. In the present embodiment, the target
distribution 1s a smoothed version of the estimated distribu-
tion. It 1s obtained by applying a Gaussian filter to the original
histogram. The kernel size of the Gaussian determines the
degree of smoothing and thus the amount of enhancement. In
the present embodiment, with 100 histogram bins, the kernel
s1Ze can be chosen from within a typical range of 20 to 30
bins. This parameter might advantageously be varied depen-
dent on hue—for example, 1t might be assigned a small value
for hue intervals corresponding to skin tones, so as to mini-
mise the modification applied to these colours. Note that as
the kernel size tends toward infimity, the results tend toward
those of histogram equalisation.

The target histogram 1s shown by a dashed line in the
example of FIG. 2. The corresponding transier function for
moditying the normalised saturation values 1s shown in FIG.
3.

The transier function will be applied 60 to the normalised

saturation values to generate modified values. In the present
embodiment, since separate transier functions are calculated
for each hue, a 2D look-up table (LUT) 1s constructed. Each
row of this table 1s the saturation transier function for a given
hue iterval. The mnput mndices to the LUT are therefore the
original normalised saturation and the hue. The output value
1s the modified (enhanced) normalised saturation.
The method concludes by inversely mapping 70 the modi-
fied value of normalised saturation for each pixel to generate
an output colour saturation value. In the present embodiment
this inverse mapping 70 comprises simply multiplying the
modified normalised saturation value by the relevant value of
S~ (H,Y), to return it to its original scale again.

The transfer function defined above may result in sharp
transitions in saturation. These correspond to steep sections
of the transfer function, where similar input values can result
in widely separated output values. Such discrepancy can lead
to visible artefacts in the output image. For this reason, in
many applications 1t 1s preferable to limit the maximum slope
of the transfer function to a predetermined threshold, before
applying 1t. This mediation of sharp transitions can also be
thought of as a smoothing operation. Indeed, other smoothing
operations may have a similar beneficial effect.

In this embodiment, a threshold 1s used to limit 40 the local
gain—that 1s, the first derivative of each 1D transfer function.
The derivative 1s calculated as the difference between two
successive bins. The dashed curve in FIG. 4 shows an
example of a transfer function where the local gain has been
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constrained to be no more than 3, so that any larger values are
clipped to 3. FIG. 5 shows the corresponding gain curves.

Although clipping the local gain 1s simple, the integral of
the clipped values will be decreased correspondingly. Thus,
when the new, gain-limited transfer function 1s calculated by
cumulatively summaing the gain, the transfer function will end
at a lower output value. This can be seen by comparing the
original (solid) curve of FIG. 4, with the gain-limited
(dashed) result. To preserve the original maximum output, the
transier function should be adjusted further. One simple solu-
tion 1s to scale 1t to restore 1ts final output value. However, this
counteracts the effect of the threshold and 1increases the over-
all local gain again, as shown 1n FIG. 6. In this plot, the gain
alter re-scaling 1s shown by the solid curve. In the region
where clipping occurred, the re-scaled gain once again sig-
nificantly exceeds the gain_threshold of 3.

Instead, 1n the current embodiment, the value 1s redistrib-
uted above the threshold. The overall procedure can be
described by the following expressions:

gain_org(i) 1f gain_org(i) < gain_thre(i)

gain_chip(i) =4 . N . . .
gain_thre(i) 1f gain_org(i) > gain_thre(i)

where gain_org(1) 1s the original local gain, gain_thre(1) 1s the
threshold function, and gain_clip(i) 1s the local gain after
clipping.

M-1 M1
Z gain_orgi) — Z gain_clip(i)
i=1

=1

. N = omin clinf) +
gain_new(!) = gain_clip({) 1

where gain_new(1) 1s the redistributed local gain. The index 1
represents the 1th bin and 1s in the range of [1, M-1]. The
redistribution has the effect of shifting the clipped gain by the
difference between the original mean gain and the mean of the
clipped gain. That 1s, the mean value of the clipped gain 1s
restored to 1ts original level.

FIGS. 6 and 7 show a comparison of scaling and redistri-
bution. FIG. 6 shows the gain and FIG. 7 shows the resulting
transier function for each case. The maximum local gain after
re-scaling reaches almost 4, while for redistribution the result
1s about 3.2—much closer to the threshold of 3. In this
example, therefore, redistribution 1s more effective than scal-
ing.

The gain_threshold gain_thre(i) 1s not necessarily a single
constant value. It may be a more sophisticated function,
whereby the threshold varies dependent on the normalised
saturation value. The inventors have discovered that the
piece-wise linear function of FIG. 8 1s a good candidate. This
has a gradual linear change at low values of normalised satu-
ration, and so 1t 1s able to protect greyish and de-saturated
colours from over enhancement.

It 1s also beneficial to smooth along the hue dimension. In
this embodiment, a Gaussian filter 1s implemented to smooth
50 the 2p LUT along the hue axis. Of course, other filters can
also be used.

After processing by these two smoothing procedures, a
smoother 2D LUT 1s obtained and will be applied 60 to
enhance input 1mage.

FI1G. 9 shows a block diagram of colour image processing,
apparatus according to one embodiment of the invention. This
comprises a first colour space conversion unit 100, adapted to
map a colour saturation value of each pixel to a normalised
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saturation value, wherein the range of values of normalised
saturation 1s the same imndependent of the luminance value of
a pixel. That is, the colour space conversion unit 100 performs
the step 10 of converting saturation values to normalised
saturation, as described above. The mput to the conversion
unit 100 can be in any suitable form: for example, i the
standard RGB or YCbCr colour spaces.

The colour space conversion unit 100 provides hue H and
normalised saturation S, data to a saturation modification unit
110 and passes luminance data L to an inverse conversion unit
120.

The saturation modification unit 110 1s adapted to estimate
a probability distribution of the normalised saturation values.
It 1s also adapted to define a transfer function for modifying
the normalised saturation values, based on the estimated
probability distribution; and to apply the transier function to
the normalised saturation values. Thus, 1n this embodiment,
the saturation modification unit 110 implements the step 20 of
creating a saturation histogram for each hue interval; the step
30 of derntving a transfer function for each of these histo-
grams; the optional steps 40, 50 of limiting gain and smooth-
ing the transfer function; and the step 60 of applying the
transier function to enhance the saturation.

The second (inverse) colour space conversion unit 120
receives modified normalised saturation data and hue data
from the saturation modification unit 110 and receives lumi-
nance data from the first colour space conversion unit 100.
The second colour space conversion unit 120 1s adapted to
inversely map the normalised saturation value of each pixel to
generate an output colour saturation value. This inverse map-
ping step 70 has been described above. The output of the
second colour space conversion unit 120 can be in whatever
format 1s desired (for example, a format suitable for driving a
display).

FI1G. 10 shows a further embodiment, in which the colour
enhancement algorithm 1s used for gamut extension. This
embodiment 1s suitable for enhancing standard gamut signals
for display on wide gamut displays. The processing pipeline
1s similar to that of FIG. 9, except that an extra colour space
conversion block 130 1s added at the beginning, to convert
input signals 1n standard format to wide gamut signals. Then
saturation histogram modification processing 1s run on wide
gamut signals. Thus, the colour space conversion unit 100
receives inputs that are already defined in the wide gamut.
The conversion from standard gamut to wide gamut in con-
version block 130 can use a fixed mapping. Thus the overall
method implemented comprises a combination of this fixed
transier function with the transfer function defined by the
colour enhancement algorithm.

Alternatively, 1t 1s possible to use the same processing
pipeline as FIG. 9 (without the mitial conversion from stan-
dard to wide gamut 1n block 130). In this case, the transfer
tfunction will produce modified saturation values with a wider
range—1lor example, normalized saturation taking values
greater than 1. At the end of the pipeline, the inverse colour
space conversion block 120 takes the wide gamut definition
into account and outputs wide gamut signals directly.

In all the embodiments described above, the enhancement
1s executed 1n the normalised saturation space and the method
concludes by inversely mapping the modified value of nor-
malised saturation for each pixel to generate an output colour
saturation value. However, this 1s not the only method by
which the enhancement can be applied 1n the original (input)
colour space. For example, 1n alternative embodiments, the
transier function can be derived 30, 40, 50 and applied 60 as
described above. Then, the normalised saturation S, and 1ts
corresponding modified value S, ' are compared at each pixel
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to define a gain map over the whole image. The gain map can
be calculated using the formula:

Sl

This gain map can be applied to the pixel saturation values
in the original (standard or wide gamut) colour space. This
formulation of the colour enhancement method may be
advantageous where it 1s desired to combine the method with
another colour enhancement algorithm—{for example an
algorithm using a fixed mapping. The gain derived for each
pixel using the normalised saturation can be applied as an
additional multiplicative factor when implementing the fixed

gain map of the other algorithm.

FIG. 11 shows a block diagram of such an embodiment,
where a gain map according to the present invention 1s used to
supplement another colour enhancement algorithm. The nor-
malised saturation S, , output from the colour-space conver-
sion unit 100, and the modified saturation S ', output from the
saturation modification unit 110, are provided to a separate
enhancement algorithm 200 1n the form of a gain map 140.

The present mvention can be applied 1n video-processing,
pipelines for television systems having standard display gam-
uts. It can also be utilized to fully exploit the potential of wide
gamut displays. When used in video processing application—
for example mm a'TV or set-top box—the colour enhancement
may be implemented 1n a hardware pipeline like those of
FIGS. 9-11. The pipeline might be designed in a variety of
ways. For example, 1t may comprise a single Application
Specific Integrated Circuit (ASIC) or a reconfigurable logic
device such a Field Programmable Gate Array (FPGA). The
different parts of the pipeline may be implemented 1n the
same or different physical components.

Other applications, such as mobile devices and computer-
based applications, can also benefit from the invention. In this
case 1t may be more economical to implement the method
using general purpose hardware that 1s already available 1n
the device, such as a Digital Signal Processor (DSP), graphics
sub-system or general purpose central processing unit (CPU).
Such general purpose hardware can be adapted to perform
methods according to embodiments of the invention using
conventional programming techniques. Those skilled 1n the
art will be familiar with such programming methods.

The colour enhancement of the present invention automati-
cally adapts to image content. It can achieve hue-dependent
processing by normalising saturation values so as to take hue
into account and by tuning the degree of transfer function
smoothing per hue region. This makes the approach very
flexible. It 1s also free of clipping problems, thanks to the
definition of normalized saturation.

While the mvention has been 1llustrated and described in
detail 1n the drawings and foregoing description, such 1llus-
tration and description are to be considered illustrative or
exemplary and not restrictive; the invention 1s not limited to
the disclosed embodiments.

For example, it 1s possible to operate the invention 1n an
embodiment wherein luminance enhancement 1s also per-
formed. It may be advantageous to perform such contrast
enhancement in the normalised saturation domain—that 1is,
before the inverse mapping from normalised saturation to
regular colour saturation. If luminance enhancement is per-
formed 1n this way, there 1s no risk of clipping, because the
inverse mapping of normalised contrast will take into account
the new luminance value.
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Note that part or all of the methods and apparatus of the
invention may be operated on analogue signals or on digital
data values. Herein, references to values are taken to include
either form of 1mage signal.

Other vanations to the disclosed embodiments can be
understood and etlected by those skilled 1n the art in practic-
ing the claimed nvention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word
“comprising” does not exclude other elements or steps, and
the indefinite article “a” or “an” does not exclude a plurality.
A single processor or other unit may fulfil the functions of
several items recited 1n the claims. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measured cannot
be used to advantage. A computer program may be stored/
distributed on a suitable medium, such as an optical storage
medium or a solid-state medium supplied together with or as
part ol other hardware, but may also be distributed 1n other
forms, such as via the Internet or other wired or wireless
telecommunication systems. Any reference signs in the
claims should not be construed as limiting the scope.

The mvention claimed 1s:

1. A colour image enhancement method, for enhancing a
colour of a colour image comprising a plurality of pixels, the
method comprising:

(a) mapping a colour saturation value of each pixel to a
normalised saturation value, wherein a range of values
of normalised saturation 1s the same independent of the
luminance value of the each pixel, wherein the colour
saturation value of the each pixel 1s represented relative
to a maximum saturation value dependent on at least one
of the luminance and the hue of the each pixel;

(b) estimating a probability distribution of the normalised
saturation values:

(¢) defining a transfer function for modilying the norma-
lised saturation values, based on the estimated probabil-
ity distribution;

(d) limiting local gain of the transfer function to a prede-
termined value; and

(e) applying the transier function to the normalised satu-
ration values to generate modified saturation values,

wherein the colour image includes a plurality of luminance
regions and method steps (a) to (e) are performed on the
colour 1image 1rrespective of different luminance values
in each of the plurality of luminance regions thereby
computing only one histogram for the plurality of lumi-
nance regions.

2. The method of claim 1, wherein the mapping from
colour saturation values to normalised saturation values is
such that the range of values of normalised saturation 1s the
same mdependent of the colour saturation value of each pixel.

3. The method of claim 1, wherein the step of estimating,
the probability distribution of the normalised saturation val-
ues comprises estimating the probability distribution of nor-
malised saturation values for each of a plurality of hue inter-
vals.

4. The method of claim 1, wherein the transter function 1s
defined so as to modily the estimated probability distribution
of the normalised saturation values to better match a target
distribution.

5. The method of claim 4, wherein the target distribution 1s
one of:

a uniform distribution; and

a distribution derived from the estimated probability dis-
tribution.
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6. The method of claim 4, wherein the target distribution
derived from the estimated probability distribution 1s a
smoothed version of the estimated distribution.

7. The method of claim 1, wherein a maximum slope of the
transier function 1s limited by a threshold.

8. The method of claim 7, wherein the threshold varies
dependent on the normalised saturation value.

9. The method of claim 1, further comprising, before the
step of applying the transier function to the normalised satu-
ration values, smoothing the transier function.

10. The method of claim 1, further comprising applying a
second transfer function to one of the normalised saturation
values and the colour saturation values.

11. A non-transitory computer-readable storage medium,
comprising computer program code which performs the steps
of claim 1 when said program 1s run on a computer.

12. A colour-gamut extension method for enhancing a
colour of a colour 1image comprising a plurality of pixels, the
method comprising:

(a) mapping a colour saturation value of each pixel to a
normalised saturation value, wherein a range of values
of normalised saturation is the same independent of the
luminance value of the each pixel, wherein the colour
saturation value of the each pixel 1s represented relative
to a maximum saturation value dependent on at least one
of the luminance and the hue of the each pixel;

(b) estimating a probability distribution of the normalised
saturation values;

(c) defining a transier function for modifying the norma-
lised saturation values, based on the estimated probabil-
ity distribution;

(d) limiting local gain of the transier function to a prede-
termined value; and

() applying the transfer function to the normalised satu-
ration values to generate modified saturation values,
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wherein the colour image includes a plurality of luminance
regions and method steps (a) to (e) are performed on the
colour 1image wrrespective of different luminance values
in each of the plurality of luminance regions thereby
computing only one histogram for the plurality of lumi-

nance regions.

13. A colour image processing apparatus, for enhancing a
colour of a colour 1image comprising a plurality of pixels, the
apparatus comprising:

a first colour space conversion unit, adapted to map a
colour saturation value of each pixel to a normalised
saturation value, wherein a range of values of norma-
lised saturation 1s the same independent of a luminance
value of a pixel, wherein the colour saturation value of
the each pixel 1s represented relative to a maximum
saturation value dependent on at least one of the lumi-
nance and the hue of the each pixel;

a saturation modification unit, adapted to estimate a prob-
ability distribution of the normalised saturation values;

define a transfer function for modifying the normalised
saturation values, based on the estimated probability
distribution;

limit local gain of the transfer function to a predetermined
value; and

apply the transfer function to the normalised saturation
values; and

a second colour space conversion unit, adapted to inversely
map the normalised saturation value of each pixel to
generate an output colour saturation value,

wherein the colour image includes a plurality of luminance
regions and the apparatus operates on the colour image
irrespective of different luminance values in each of the
plurality of luminance regions thereby computing only
one histogram for the plurality of luminance regions.

¥ ¥ # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

